odological approach of our study thus enabled us to based on a relative latency map (see Formisano et al., investigate the causal relationship between unilateral 2002). parietal activation and the execution of visuospatial
In the rTMS experiment, 60 subjects were randomly tasks, based on physically presented as well as mentally assigned into three groups (stimulation for 12 min at 1 imaged stimuli, and presents a systematic experimental Hz and 110% of motor threshold (MT) over the parietal investigation of potential functional hemispheric asymelectrode positions P3 and P4, and sham condition (see metry of parietal activation for perceptual visuospatial Experimental Procedures)). A custom TMS stimulator processing and visuospatial imagery.
(MagPro, Medtronic Functional Diagnostics A/S, SkovThe conjoint use of fMRI and TMS was a critical aspect lunde, Denmark) was used to generate repetitive biphaof our study because it lends a face validity to the intersic magnetic pulses. Magnetic pulses were delivered pretation of the TMS results. In particular, we were able with a figure-eight-coil (Magnetic Coil Transducer MCto show that the sites of TMS stimulation, inducing tran-B70, Medtronic). Performance was measured at four sient lesions, were over cortical regions that responded different times: as a pretest, during TMS (stimulation), selectively to the tasks under investigation. We were immediately after TMS (posttest 1), and 12 min after able to do this by the use of fiducial markers that linked TMS (posttest 2). In order to control for possible effects the TMS sites and regional activations in fMRI.
of rTMS on motor response, we included a finger tapping We investigated spatial operations on visually pretask for both hands at all four times of measurement. sented as well as mentally imagined stimuli. In the angle
The used rTMS protocol has been shown to suppress and color discrimination task, we presented a series of transiently cortical excitability during as well as for sevanalog clocks, each shown for 400 ms with an interstimeral minutes beyond the rTMS stimulation period (Chen ulus-interval ( cual-Leone and Hallett, 1994). Subjects had to press a button whenever a target stimulus appeared. Targets were defined as clocks with Results angles of 60Њ or 30Њ (angle discrimination task) or clocks with white hands (color discrimination task). In the menfMRI Experiment tal clock task subjects were asked to imagine two analog Both conditions of the visual paradigm, angle and color clock faces based on acoustically presented times, and discrimination, were accompanied by a significant into judge at which of the two times the clock hands form crease in the BOLD signal in primary visual cortex comthe greater angle. Subjects were asked to press the left pared to baseline. The color condition, compared to mouse button if the hands of the first clock formed the baseline, additionally activated the right superior occipigreater angle, or the right mouse button for the second.
tal gyrus and the lingual gyrus. The angle condition Subjects' responses were registered by an optic fiber showed several additional significant clusters of activaanswer box and analyzed for reaction time and action, both compared to baseline and compared to the curacy.
color discrimination condition within a statistical RC For the fMRI study, six healthy subjects were remap, in the left and right superior parietal lobule (SPL), cruited. The two visually presented tasks (angle ϩ color the precuneus, and the right middle frontal gyrus (Table  discrimination) were performed in one session following 1). A contrast analysis revealed that the BOLD signal the classical block design. The mental clock task was changes in the areas with an RC index in favor for the performed in one session on the basis of an eventangle discrimination task were significantly different berelated design. Vitamin E capsules were used to mark tween the angle and color discrimination condition. The the positions P3 and P4 of the international 10-20 EEG low frequency of motor responses in both conditions system on the scalp of each subject for coregistration explains the lack of motor cortex activity. with TMS. P3 and P4 represent standardized points
The significantly activated areas in the parietal lobes within the EEG grid system corresponding to the postethat were exclusively explained by the angle discriminarior parietal cortices (Homan et al., 1987) . MRI data were tion task were located directly below the vitamin E capacquired with a 1.5 T MAGNETOM Vision MRI scanner sules, marking electrode positions P3 and P4 and corre-(Siemens Medical Systems, Erlangen, Germany) using sponding to the anatomical area of the superior IPS, the standard head coil. bilaterally (Figure 1 ). FMRI data analysis and visualization were performed
The event-related design used in the mental clock using the BrainVoyager 4.4 software package. The statask enabled us to measure the temporal sequence of tistical analysis of the variance of the BOLD signal in activation occurring between the acoustical onset and the visual paradigm was based on the application of button press. Since half of the subjects were asked to multiple regression analysis to time series of taskrespond with their left hand, we divided the sample into related functional activation (Friston et al., 1995). For subjects with left button press and right button press. significantly activated voxels, the relative contribution We found significant activation that corresponded to RC between two selected sets of conditions in exthe temporal sequence of mental processes during the plaining the variance of a voxel time course was comexecution of the mental clock task, starting with activity puted. An RC value of 1 (red) indicates that a voxel time in left and right Heschl's gyrus, followed by supplemencourse is solely explained with predictor 1 whereas an tary motor area (SMA), frontal eye fields (FEF), precu-RC value of Ϫ1 (blue) indicates that a voxel time course neus, left and right posterior parietal cortex (PPC), and is explained solely with predictor 2 (Trojano et al., 2000) .
finally primary motor cortex (PMC) of the side contralatThe statistical analysis of the temporal sequence of BOLD signal changes during the mental paradigm was eral to the hand used for button press (Tables 2 and 3) . The (real) stimulation groups showed a different pattern of change in mean reaction time between the times of measurement in the three tasks (Table 4 ). The group that was stimulated over P3 (stim P3) showed a monotonic decrease in reaction time from pretest to posttest 2 in the angle discrimination and the mental clock tasks, and an almost unchanged reaction time in the color discrimination task. The group that was stimulated over P4 (stim P4) showed an increase in reaction time during stimulation and posttest 1 in the visual angle discrimination task. This increased reaction time decreased again in posttest 2. In the imagery discrimination task, the stim P4 group showed a slight increase in reaction time during stimulation and posttest 2. The change in mean reaction time in the color discrimination task was comparable to the stim P3 group (Table 4) .
These results suggest that a difference between real and sham TMS in the performance of the visuospatial tasks, as expected on the basis of the hypotheses, only occurred in the stim P4 group, while the stim P3 group showed no noticeable differences from the sham group.
The one-way ANOVA for the visual angle discrimination task revealed a significant difference in mean reaction time between the groups for the stimulation ( The one-way ANOVA for the mental clock task showed The table shows the results of the relative latency map (left part) for subjects with right hand button press (multi-study GLM), the interindividual variance in Talairach The table shows the results of the relative latency map (left part) for subjects with left hand button press (multi-study GLM), the interindividual variance in Talairach In PPC, Formisano et al. distinguish a cluster that is activated early during the task and shows a bilateral distribution (but left predominance) from a late cluster that is confined to the right PPC. The duration of activation of the early cluster and the onset of the (late) right cluster correlates with reaction time. It is suggested that the early and late clusters support different components of the cognitive process; for example, the generation and subsequent analysis of the visual image. These findings are in accordance with several studies proposing a model of bilateral activation in visuospatial imagery. These modular models suggest that the generation of mental imagery from memory relies primarily on structures in the posterior left hemisphere, while visuospatial operations on these images rely primarily on structures in the posterior right hemisphere (Farah, 1989). Our fMRI results of bilateral parietal activation during visuospatial imagery could therefore be interpreted as supporting such a modular model of visuospatial imagery.
Nonetheless, while fMRI alone can provide the temporal sequence of activation during the mental clock task, it reveals little about the functional relevance of this activation and about compensatory mechanisms. In our study, we were able to address this by using unilateral rTMS to disrupt transiently the activation of either hemisphere and study the respective effect of this unilateral functional lesion on task performance.
The coregistration of the stimulation sites (P3 and P4) hemisphere-specific effect of parietal stimulation. While there was no significant difference between the sham and the left stimulation (P3) group, subjects who were impaired performance of the angle discrimination task stimulated over the right parietal lobe (P4) performed after rTMS over the parietal midline (Sack et al., 2002) significantly worse (measured by reaction time) than the could be attributed to the part of the induced magnetic other groups during and after rTMS. field that affected the right hemisphere. While that study Our results thus contribute significant constraints to has merely shown a disruption of the normal learning the modular model of bilateral activation in visuospatial effect, we now can show a significant impairment of imagery by revealing a bilateral parietal activation during task performance during and after rTMS. This stronger the execution of visuospatial tasks, both based on physeffect is probably brought about by the increased speciically presented as well as mentally imagined stimuli, ficity of the unilateral stimulation. Additionally, this but a hemispheric asymmetry in the functional relevance stronger effect can be interpreted as a consequence of for the performance of these tasks with the right PPC the higher TMS intensity used in this study (110% MT) being able to compensate for suppression of the left PPC, but not vice versa ( 
Experimental Procedures
Nonetheless, the consideration of spatial hemineglect reveals important parallels to the present study. In both Sixty subjects volunteered to participate (mean age: 28.4 years, SD ϭ 7.3; 23 males, 37 females). The subjects were randomly asPrior to the fMRI scanning sessions, vitamin E capsules were used to mark the positions of the international 10-20 EEG system signed to one of three groups (see Design). Twenty subjects were assigned to stimulation group "stim P4" (mean age: 28.3 years, SD ϭ on the scalp of each subject as a reference for the TMS coil positioning in the second part of the study.
8.3; 6 males, 14 females), twenty to stimulation group "stim P3" (mean age: 27.7 years, SD ϭ 5.7; 12 males, 8 females), and twenty Statistical Analyses fMRI data analysis and visualization were performed using the Brainto the control group "sham" (mean age: 29.2 years, SD ϭ 8; 5 males, 15 females). Voyager 4.4 software package. Spatial and temporal smoothing, removal of linear trends, 3D motion correction, Talairach transformaApparatus and Procedure A custom TMS stimulator (MagPro, Medtronic Functional Diagnostion of 3D anatomical data sets, and generation of 3D functional data sets (volume time courses) followed procedures published tics A/S, Skovlunde, Denmark) was used to generate repetitive biphasic magnetic pulses. Magnetic pulses were delivered with a elsewhere (Goebel et al., 1998; Linden et al., 1999) .
The statistical analysis of the variance of the BOLD signal was figure-eight-coil (Magnetic Coil Transducer MC-B70, Medtronic) with an outer radius of 50 mm. Individual motor thresholds were based on the application of multiple regression analysis to time
